A pair of tri-band multiple-input-multiple-output (MIMO) antennas with high isolation is investigated in this paper. The proposed antenna consists of two monopole antenna elements with an edge to edge spacing of 4 mm (0.03 λ 0 at 2.3 GHz). The monopole antenna element chose the bending line structure that can operate in tri-band and realize miniaturization. To achieve compact dimension and high isolation, symmetrical distribution layout is adopted to decouple the low frequency band, the U-shaped neutralization line (NL) contacting with two microstrip lines, and it can to improve the isolation in high frequency band, and the inverted U-shaped NL contacting with two radiation patch can decoupling in the middle frequency band. And then study the envelope correlation coefficient is lower, and the radiation pattern in operation bands is quasi-omnidirectional. It indicates that the antenna has obtained a satisfactory diversity performance within the whole operation bands which can be a good candidate for some portable MIMO applications.
I. INTRODUCTION
Multiple-input-multiple-output (MIMO) antennas have constantly captured wildly attention in the advances of the wireless communication, due to its outstanding advantages such as increased system capacity, diversity gain (DG), decrease envelope correlation coefficient (ECC) and so on. However, when the antenna elements are placed at closed space, mutual coupling deteriorates the performance of the MIMO system [1] , [2] .
Consequently, in order to improve the isolation, the antenna size and the distance between elements should be considered. As we all known that improving the isolation between antenna elements is significant for the MIMO antenna. For the single band antenna, we can use the decoupling network to improve isolation [3] , [4] . At the same time, the negative effects of the traditional decoupling network are compensated by adding lumped elements to the parity-mode impedance converter. The periodic structure like electromagnetic band The associate editor coordinating the review of this manuscript and approving it for publication was Yasar Amin . gap structure is used to reduce the coupling between the MIMO antenna elements [5] - [7] , but some structures are complicated and difficult to fabricate. Defected ground structure can effectively improve the isolation of the multi-band MIMO antenna [8] - [12] . For example, loading two winding structures on the ground plane, which can effectively reduce the coupling between dual-band antennas. However, attention the defected ground structure mainly affects the backward radiation pattern of the antenna.
But for the decoupling in the mutli-band MMO antenna, it has challenges. In order to realize the miniaturization and compactness, adding neutralization line (NL) on the MIMO antenna radiation elements is effective [13] . This structure has not affected the origin element structure, and can realize miniaturization. And also, it can take into account both the decoupling of the lower and high frequency band. The neutralization line technique is similar to the way of stubloaded in MIMO antenna decoupling [14] , except that the antennas are physical connection by neutralization line introducing a suitable the current (include magnitude and phase) from one antenna to nearby antenna and providing 180 phase shift to cancel out the existing coupling of two feeding ports [15] , [16] .
In order to reduce the size and complexity of the antenna. The antenna elements adopt a multi-branch winding structure, and layout uses symmetrical structure for realizing miniaturization and compact. We add the U-shape and inverted U-shaped NLs on the radiation patch, and it achieves tri-band decoupling.
The rest of this paper is as follows. Section II presents the structure of the proposed MIMO antenna and the element. Section III analysis the working mechanism of the two NLs, Section IV gives the measured results. Section V summarizes the conclusion about the all work.
II. ANTENNA STRUCTURE DESIGN A. TRI-BAND MONOPOLE ANTENNA ELEMENT
The proposed MIMO antenna evolves from a compact tri-band monopole antenna. The two branches can make the antenna work in three bands at the center frequency of 2.3 GHz, 3.5 GHz and 5.7 GHz as shown in Figure 1 .
The current distributions in three operation frequencies band are shown in Figure 2 . We can find that the majority of the currents flow along the left branch at 2.3 GHz and the right branch can excite two resonance modes at 3.5 GHz and 5.7 GHz, respectively. The width of the microstrip line is 1.5 mm. The length of the left, bottom and right side branches are 34.8 mm, 20.5 mm and 18.9 mm, respectively, which are approximately a quarter wavelength for 2.3 GHz, 3.5 GHz and 5.7 GHz, respectively.
The following analytical formula was used as an original rule to determine the lengths of monopole antenna operated at three frequency points [17] :
where
L 1 , L 2 , and L 3 stand for the approximated length of current trace operating at 3.5 GHz and 5.7 GHz. c is the free-space velocity of light. 
B. THE MIMO ANTENNA CONFIGURATION
The proposed MIMO antenna consists of two symmetrical monopole tri-band antenna elements as shown in Figure 3 , fed by microstrip lines through port1 and port2, respectively. Each monopole antenna elements possesses two meandered branches printed on the front side of the substrate for reducing the size of antenna. The edge to edge distance of two elements is only 4 mm (0.03 λ 0 at the center frequency of 2.3 GHz). The U-shaped NL add on the microstrip feeder line of the antenna and inverted U-shaped NL contacts with two radiation elements. The design of the decoupling network structure is more complicated [4] , especially for multi-bands. The periodic structure [5] will increase the antenna profile and make it difficult to achieve miniaturization. This paper, the antenna elements adopts the multi-branch winding structure to miniaturization, and the structure of NLs is simple and it can achieve good decoupling performance.
III. WORKING MECHANISM OF THE TWO NLs
To gain insight into the proposed antenna, working mechanism of the two NLs is analyzed based on the S-parameters, a simplified equivalent mode, and the surface current distributions. The effects of the parameters of the NLs on the broadband decoupling are studied step by step.
A. S-PARAMETERS OF THE MIMO ANTENNA WITH TWO NLs
Firstly, the scattering parameters |S 11 | and |S 12 | without and with NLs are also provided. The simulated results show that the coupling coefficient can be reach −25 dB at center frequency while keeping good impedance matching as shown in Figure 4 and Figure 5 . Simultaneously, it is shown that adding the NLs will degrade bandwidth and impedance at low frequency and high frequency. It is mainly due to a large part of the NLs is added on the radiation patch, which will enlarge the inductance between the ground and NLs. So, it is inevitable that adding the decoupling structure can influence the performance of the MIMO antenna. The different combinations can conduce different Q values, and then the Q value can affect the isolation and bandwidth. The Q value of the NLs is given by the following equation:
where R, L, and C are the internal resistance, inductance, and capacitance of the NLs. Adding the inductive component to elements and lead to a larger L. From (5), we can learn that the Q-factor of MIMO antenna elements will slightly enlarge and in turn lead to narrower bandwidth. However, the bandwidth of the proposed MIMO antenna can still successfully cover the lower band and high band. 
B. SURFACE CURRENT DISTRIBUTION OF THE MIMO ANTENNA WITH TWO NLs
There is the equivalent model of the decouple structure as shown in Figure 6 . The length of the line specifies its inductance and its width specify its capacitance behavior. As antenna I is excited by current I , the coupled current aI can be appeared on the antenna II. To cancel out the coupling, the current bI is induced to the NLs. And the different combinations result in different bI. So to achieve the high isolation, the current aI and bI should be fine-tuned to fulfill the following equation
In this case, the NLs can act as band stop filter, effective filtering the current coupled to nearby antenna at specific frequency. Each of line corresponds to one of the decoupling frequency.
Due to distance of the two closely spaced antenna is only 4 mm and much less than one wavelength causing strong mutual coupling between two antenna elements, is inevitable, especially for the lower frequency band. For the 2.3 GHz, we first considered the layout of the antenna. The bending line structure are placed for the type of ''back to back'', which is conducive to improving the isolation between elements in the lower frequency band. Then, put the meandered line structure operating at low frequency on both ends of the dielectric substrate to increase the ratio of D and λ g (D denotes the distance between the antennas, λ g denotes the working wavelength in the low frequency band) in limited space and therefore reduce the near-field coupling. According to the current distribution with and without the NLs, it can be seen that it has almost no effect between two antennas elements as shown in Figure 7 The proximal placement causes near-field coupling at 3.5 GHz and 5.7 GHz and increases the insertion loss between the feeding ports, therefore degrades the overall diversity performance of the two-antenna system. To compensate for this effect while maintaining a compact enough size and no modify the ground plane, a U shaped and inverted U-shaped NLs connecting two antenna elements from feed line and branch respectively are applied for the proposed MIMO antenna.
The length of the U-shaped NL is approximately one wavelength at the center frequency 5.7 GHz and the horizontal length of the inverted U-shaped NL is approximately half wavelength at the center frequency 3.5 GHz. We give the current distribution of designed MIMO antenna as shown in Figure 7 (c) and (d). It indicates that the lines provide 180 phase shifts from the current fed to the nearby antenna. That is to say it excited corresponding resonant mode and allows two possible decoupling current paths with different lengths to cancel the coupling current near field. The detailed dimensions of decoupling structure, such as the length and width of NLs will be discussed in the next section.
To verify the effectiveness of the antenna design method, the current distributions of the proposed MIMO antenna with and without NLs are illustrated in Figure 8 to demonstrate the effectiveness of the decoupling. In the simulation, one antenna is excited while the other antenna is terminated by a 50 load. Without the NLs, considerable current is coupled to the adjacent antenna at 3.5 GHz, as shown in Figure 8(a) . However, after adding the NLs, current of coupling mainly focused on the U-shaped inductive line with large inductive impedance. Although the distance between them is only 4 mm, the coupling current in the other antenna element is obviously reduced. At this moment the inverted U-NL is exactly in a resonant state, greatly improving the isolation of the middle frequency band.
Similarly, the NLs are in a state of resonance exactly, adding this decoupling structure, the coupling current between the two ''bows'' branches is obviously reduced. The inverted U-shaped NL reduce the coupling of two radiation patch at the middle frequency and the U-shaped NL connecting with the microstrip lines achieves the high isolation at the high frequency band as shown in Fig 8(b) . It should be noted that after adding the NLs structure, the coupling current on the adjacent antennas is increased and the coupling between the two ports is increased, which is attributed to the extra current path it created.
C. PARAMETER STUDY AND DISCUSSION
In order to further evaluate the effects of decoupling structure, parameter studies are carried out for the length of NLs. Firstly, the U-shaped NL (NL1) links to the feeder of two microstrip lines. The S-parameters with different NL L n1 and L n2 are presented in Figure 9 . It is observed that with L n1 changing from 16.7 mm to 17.5 mm, the highest decoupling frequency moves to lower frequency band while the influence on the low frequency part is almost negligible. And also, the value of L n1 becomes smaller, the decoupling is improved more significantly, and also it has little influence at 2.3 GHz. Because the smaller L n1 is closer to the effective length corresponding to the decoupling frequency, and it leads to a higher decoupling current density on the suspended line, thereby the decoupling field is stronger. The parameter L n2 has similar effect on the performance of reducing the mutual coupling as shown in Figure 9 (b). According to the above results, the optimal size of L n1 and L n2 are 17.3 mm and 24 mm, respectively.
Then, we give the S-parameters of the original and decoupled array as shown in Figure 10 . It can be seen clearly that the isolation is improved considerably and there is a minimum 14 dB improvement on the isolation over the desired operating frequency band (5.54-5.79 GHz).
Also, we study the effect of the inverted U-shaped NL (NL2). The analysis of the parameters with L n3 and L n4 are given in Figure 11 . As the value of L n3 or L n4 increases, the |S 12 | decreases at the center frequency while higher cen- ter frequency keeps low. With flexibly controlled NL2, the degree of decoupling freedom in middle frequency band is added. Also, we can observe that when the value of L n3 or L n4 are fixed at 8.1 mm and 20.2 mm, the isolation of center frequency can reach up to −30 dB and there is a minimum 14 dB improvement on the isolation over the desired operation frequency band (3.4-3.484 GHz). The isolation of multiband has been improved as shown in Figure 12 .
Furthermore, the radiation patterns of antenna in the three bands were also simulated (antenna I is excited, while antenna II is terminated with a 50 load) as shown in Figure 13 . The simulation results show that antenna array has similar dipole radiation pattern. The directional diagram of H-plane in 2.3 GHz, 3.5 GHz, and 5.7 GHz is nearly circular and able to meet the radiation characteristics of monopole antenna. As the changing of the angle, E-plane turns into dumbbell type and meets the bidirectional feature. On the whole, the fact that two elements possess complementary radiation patterns guarantees they can receive the signals from all directions which are suitable for wireless communications.
IV. EXPERIMENT RESULTS
According to the above analysis of the antenna structure, and reasonably adjust the parameters of the two NLs, improved about 14 dB in the whole operation band in the mutual coupling between two elements have been achieved. We chose the FR4 with dielectric constant of 4.4, loss tangent 0.02, thickness of 0.8 mm to design and fabricate the MIMO antenna. The simulation is processed by HFSS software. The optimal dimensions of the antenna are listed in table 1.
To verify the proposed decoupling method, Measurement environment and a fabricated prototype of tri-band MIMO antenna is shown in Figure 14 . The S-parameters of the fabricated antenna are measured and also compared to the simulated results, as shown in Figure 15 . The measured results are obtained when port 1 is excited and port 2 is terminated with a 50 load. As we can see, the measured and simulated results are in good agreement. In the operation band (2.24-2.45 GHz, 3.3-4 GHz and 5.6-5.75 GHz), the |S 11 | is below than −10 dB and |S 12 | is lower than −15 dB. There is good agreement between the simulated and measured radiation patterns. The H-planes for all resonant frequencies are all mostly omnidirectional, whereas the E-planes vary according to the resonant frequencies as shown in Figure 16 . In addition, good isolation does not exactly represent low mutual coupling. The mutual coupling involves the electromagnetic interaction between antennas, and ports isolation VOLUME 8, 2020 just indicates the signal interference from one port to another port [18] . So to further understand the uncorrelated channels, studied the diversity performance of antenna. It can be evaluated by the ECC and DG. In the terms of isotropic/uniform signal propagation environments, the ECC involved in all the S-parameters can be calculated by using the following equation [19] :
In general, to obtain the good diversity behavior, the correlation coefficient between MIMO antenna elements of mobile terminal equipment is less than 0.5. The better diversity performance is, the lower ECC is and vice versa. As shown in Figure 17 , the ECC is lower than 0.02 across the operating bands in both simulation and measurement which indicates that the design of antenna has good pattern diversity. Besides, the DG is involved in the correlation coefficient, which is obtained in terms of ideal condition (DG0=10 dB) and ECC [25] . The lower the mutual coupling is, the higher the DG is and vice versa. The method of using the ECC to calculate DG is given by using the equation as follows [20] .
The simulated and measured DGs of the proposed antenna using (8) are illustrated in Figure 18 . It can be observed that the antenna has the high diversity gain which is more than 9.9 dB within the frequency bands of interest. The antenna has a well channel characteristic. Overall, from the both key parameters (ECC and DG), the antenna has good performance of the diversity. Table 2 shows the comparison of the proposed NL structure and other decoupling structure. In reference [4] , the antenna structure is simple, the decoupling structure is complicated. This work proposed the U-shaped NL that the structure is simple and easy to fabricate. The proposed NL structure could base on the small edge-toedge distance, achieve multi-bands decoupling, and also the isolation in the tri-bands is satisfied with design requirements. 
V. CONCLUSION
In this paper, a miniaturization and compact MIMO antenna is made up two tri-band monopole antennas with the multibranch structure. Specially, symmetrical back to back structure can effectively improve the isolation in the low frequency band, and the elements edge-to-edge distance is only 4 mm, the U-shaped and inverted U-shaped NLs can be as the band stop filter, and they can decouple in the middle and high frequency bands. Through the measurement, the antenna can operate in the tri-band (2.24-2.45 GHz, 3.3-4 GHz and 5.6-5.75 GHz). The isolation has been substantially improved between the ports and the mutual coupling at the center resonant frequency of 2.3 GHz, 3.5 GHz and 5.7 GHz is less than −15 dB, −30 dB and −20 dB, respectively. Furthermore, the radiation pattern at three resonance frequencies point are quasi-omnidirectional, the ECC is lower than 0.02 and the DG is closer 10, these performances indicates that the proposed antenna has a good application prospect in the multiband MIMO system. He is currently an Associate Professor with the School of Electronics and Information Engineering, Hebei University of Technology. His research interests include microwave radio frequency technology, flexible electronics devices, and electromagnetic compatibility.
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